








































and observed velocities at four individual stations (0, 90, 180, and 270 deg). 

Normalized velocity is defined to be local depth-averaged velocity divided by 

average velocity for the channel cross section. Normalized lateral position 

is radial distance from the inner sidewall divided by cross-channel width of 

the water surface. For each station, a plan view of the channel is provided 

with an arrow that indicates the location of the data station along the inner 

sidewall of the bendway. The velocity profiles are shown as they would be 

seen by an observer looking in the direction of the arrow. 

The SFC/STREMR velocity profiles reproduce the observed profiles well 

except on the outer bank, where the computed bottom resistance is consistently 

too low. The underprediction also occurs in straight channels, and it 

indicates the need for some modification of Equation 7 in response to bottom 

slope. Finer discretization (more grid lines concentrated on the bank) does 

not eliminate the problem. It remains to be seen whether this deficiency can 

be cured without using a fully 3-D numerical model. Otherwise, the SFC (with 

its tuned coefficients) does a good job of making STREMR predictions match the 

test data. 

Without the SFC, the highest velocity remains near the inside, and the 

computed profiles bear little resemblance to the observed profiles downstream 

of the bend entrance (Station 1). In contrast, the SFC causes high velocity 

to migrate to the outside because of the production term in Equation 28, which 

becomes nonzero whenever h/r is nonzero. The production term returns to 

zero in straight sections, leaving only the dissipation term, which gradually 

kills the secondary flow. If there is a reversal in curvature, there will be 

a migration of high velocity toward the opposite side of the channel. The 

coefficients Aa and 0
8 

determine the precise rates of migration, dissipa

tion, and reversal. 

Channel Bend Facility 

Maynord* has made detailed velocity measurements in an S-shaped flume 

called the Channel Bend Facility (CBF). The CBF entails two bends with a 

reversal in curvature and a trapezoidal cross section, and it represents a 

* Unpublished test data provided by S. T. Maynord, Research Hydraulic 
Engineer, August 1987, US Army Engineer Waterways Experiment Station, 
Vicksburg, MS. 
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considerable departure from the geometry of the 270-deg bendway. Figure 4 

shows the wetted cross section, with the STREMR grid (121 cells long X 

46 cells wide) superposed on the plan view. All linear dimensions are given 

in feet. For the test under consideration,* the flow rate is 6.75 cfs and 

the Manning coefficient is 0.02, which makes Cr- 0.0075 in the middle of 

the channel. The ratio of depth to radius of curvature (h/r) varies in the 

bends from 0.018 at the toe of the outer bank, to 0.025 at the toe of the 

inner bank. The banks were discretized in STREMR with five one-cell-wide 

stair steps on each side of the channel. The inflow velocity was assumed 

uniform except on the banks, where it was specified as a linear function of 

distance from the water's edge. The SFC coefficients were set at A5 - 5 and 

Ds - 1/2. 

Figure 5 shows velocity vectors, computed with and without the SFC, at 

stations along the full length of the CBF. Figure 6 compares predicted and 

observed velocities at five individual stations, whose locations are indicated 

by the arrow on each included plan view. As before, the velocity profiles are 

shown as they would be seen by an observer looking in the direction of the 

arrow. Normalized velocity is defined to be local depth-averaged velocity 

divided by average velocity for the channel cross section. Normalized lateral 

position is radial distance from the inner water surface (indicated by the tip 

of the arrow) divided by cross-channel width of the water surface. 

The agreement between the SFC/STREMR predictions and the observed 

velocity profiles is at least as good for the CBF as it was for the 270-deg 

bendway. Here the average value of h/r is only slightly greater, but the 

value of Cr is three times greater here than that for the 270-deg bend. 

This lends support to the proposed influence of Cr in the SFC. 

Riprap Test Facility 

The Riprap Test Facility (RTF) is a trapezoidal channel with four bends 

and two reversals in curvature. Maynord* has conducted a test in the RTF with 

a flow rate of 49.5 cfs and a Manning coefficient of 0.026. Figure 7 shows 

the wetted cross section, with the STREMR grid (391 cells long x 36 cells 

* Unpublished test data provided by S. T. Maynord, 
Engineer, August 1987, US Army Engineer Waterways 
Vicksburg , MS. 
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a. Predicted with SFC 

b. Predicted without SFC 

Figure 5. Computed velocity vectors for CBF 
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Figure 6. 
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wide) superposed on the plan view. All linear dimensions are given in feet. 
The value of cf is 0.0088 in the middle of the channel 

' and h/r varies in 
the bends from 0.024 at the toe of the outer bank to 0.031 at the toe of the 
inner bank. The average value of h/r is about 50 percent greater, and the 

value of Cf is 3.5 times greater here than that for the 270-degree bend. 

The banks were discretized in STREMR with six one-cell-wide stair steps on 

each side of the channel. The inflow velocity was assumed uniform except on 

the banks, where it was specified as a linear function of distance from the 

water's edge. The SFC coefficients were set at A5 - 5 and D
5

- 1/2. 

Figure 8 shows velocity vectors, computed with and without the SFC, at 

stations along the full length of the RTF. Figure 9 compares predicted and 

observed velocities at 13 individual stations, whose locations are indicated 

by the arrow on each included plan view. As before, the velocity profiles are 

shown as they would be seen by an observer looking in the direction of the 

arrow. Normalized velocity is defined to be local depth-averaged velocity 

divided by average velocity for the channel cross section. Normalized lateral 

position is radial distance from the inner water surface (indicated by the tip 

of the arrow) divided by cross-channel width of the water surface. 

Up to the third bend, the agreement between the SFC/STREMR predictions 

and the observed velocity profiles is about as good for the RTF as it was for 

the CBF and the 270-deg bendway. There is some deterioration of accuracy in 

the third bend (Stations 10 through 12), even though the predictions still 

follow the observed trends for velocity migration. Accuracy has begun to 

recover at the entrance to the fourth bend (Station 13). 

Hypothetical Effect of Bend Angle 

Since the SFC (with A
5 

- 5 and D5 - 1/2) yields acceptable predic

tions for three rather different channels, one expects that it should be no 

less applicable for minor variations on these configurations. With this in 

mind, STREMR was used to calculate the hypothetical effect of bend angle for a 

single-bend channel with the same cross section, radius of curvature, and 

friction coefficient as the CBF 

tions were made for bend angles 

(Figure 4). 

of 30, 60, 

Specifically, unverified predic-

90, and 120 deg, with 20-ft 

straight sections at the entrance and exit of the bend. The grid spacing was 

the same as that for the CBF. 
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a. Predicted with SFC 

b. Predicted without SFC 

Figure 8. Computed velocity vectors for RTF 
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Figure 9. 
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Figures 10 through 13 show velocity vectors computed with and without 

the SFC for the four different bend angles. As in previous cases, the SFC 

moves the high velocities gradually toward the outside of the bend, where they 

remain for some distance downstream. Its effect is noticeable even for the 

30-deg bend. In contrast, omission of the SFC keeps the high velocity near 

the insides of the bends. 
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a. Predicted with SFC 

b. Predicted without SFC 

Figure 10. Computed velocity vectors for hypothetical 30-deg bend 

37 



a. Predicted with SFC 

b. Predicted without SFC 

Figure 11. Computed velocity vectors for hypothetical 60-deg bend 
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a. Predicted with SFC 

b. Predicted without SFC 

Figure 12. Computed velocity vectors for hypothetical 90-deg bend 
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a. Predicted with SFC 

b. Predicted without SFC 

Figure 13. Computed velocity vectors for hypothetical 120-deg bend 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

An empirical governing equation has been proposed for the secondary flow 

that gives rise to migration of high velocity toward the outside of channel 

bends. The secondary flow stems from the interaction between lateral curva

ture and vertically nonuniform velocity, and it creates an unbalanced force 

that alters the primary flow. The depth-averaged secondary flow correction 

(SFC) includes two coefficients (As and 0 5 ) whose values have been tuned for 

agreement between STREMR numerical model predictions and experimental data for 

a 270-deg bendway. Using the same values for A5 and 08 , the SFC yields 

STREMR predictions with comparable accuracy for the CBF (two bends) and the 

RTF (four bends), both of which have depth, bottom friction, and radius of 

curvature different from the 270-deg benchmark. 

Results obtained with the SFC are encouraging, since it was not clear in 

advance that the same values of As and 05 would render acceptable predic

tions for more than a single channel configuration. The form of the secondary 

flow equation ensures proper qualitative behavior, but not necessarily quanti

tative accuracy. Comparisons of predicted and measured velocities have demon

strated, however, that coefficients tuned for one channel can also be used for 

others. It appears that the SFC may be used (with A5 - 5 and 05 - 1/2) 

for ratios of depth h to radius of curvature r in the range 0.0 < h/r < 

0.04 , and for friction coefficients in the range 0.002 < Cf < 0.01 It 

remains to be seen how well the SFC works outside these bounds without chang

ing the values of A
8 

and Ds . To answer the latter question, more tests 

will be needed for other channels and flow conditions. 
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APPENDIX A: NOTATION 

Empirical production coefficient for secondary flow 

Empirical coefficients in turbulence model 

Constants of proportionality 

Friction factor given by Manning's equation 

Empirical decay coefficient for secondary flow 

Depth 

Turbulence energy 

Manning's coefficient 

Unit vector normal to ~ 

Pressure 

Lateral radius of curvature 

Force arising from secondary flow 

Time 

Viscous force arising from the depth-averaged stress tensor 

x-component of ~ 

Depth-averaged vector velocity 

u' x-component of u' 

~/r 

u' 

v 

v' 

z 

Radial velocity 

Outward radial velocity 

Streamwise velocity 

Centrifugal (outward radial) acceleration 

z-dependent perturbation of u 

y-component of u 

y-component of u' 

Resistance force (per unit mass) due to bottom friction 

Vertical position 

Al 



( 

p 

0 

Out-of-plane angular acceleration 

Turbulence dissipation rate 

Eddy viscosity 

Density 

Depth-averaged shear stress 

x-component of depth-averaged vorticity 

y-componcnt of depth-averaged vorticity 

Streamwise component of depth-averaged vorticity 

c w 
...i....l. 
12 

Gradient operator 

A2 
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